A highly flexible electrochemical supercapacitor electrode was developed with a novel metal oxide-reinforced nanofiber electrode by utilizing a solution-based electrospinning technique. The facile fabrication steps involved the introduction of metal precursors into a polymeric solution, which was subjected to an in situ electrospinning process. The electrospun polymeric web with metallic ingredients was then subjected to an oxidative stabilization process that induced the formation of metal oxide nanoparticles within the polymer structure. Finally, the metal oxide nanoparticles incorporated with nanofibers were obtained using a carbonization process, thus converting the polymer backbones into a carbon-rich conductive nanofiber structure. The fabricated nanofibers were decorated and implanted with metal oxide nanoparticles that had a surface-decorated structure morphology due to the solubility of the precursors in the reaction solution.
Introduction
The research on exible electronic devices has expanded to become one of the most popular research elds over the last few decades. The trend of electronics has moved toward the fabrication of devices that are exible and stretchable. Rapid developments in electronics, such as exible displays, wearable devices, exible cellular phones, and energy devices (battery anodes and supercapacitor electrodes), have created a wide demand for exible devices that theoretically possess excellent exibility, light weight, soness, high transparency, and good mechanical strength, using integrated circuits that are commonly available today and now possible to obtain.
However, despite displaying outstanding performance when tested within their exibility range, the current exible devices still show limited bendability when they are subjected to a narrow curvature or high mechanical deformation.
1,2 Materials such as nickel foam, aluminum foil, nickel foil, and graphite sheets offer simple exibility that only allows roll-toroll production without any assurance of the conformal bonding of the fabricated devices toward the edges. Therefore, there is a great need to fabricate a highly exible conductive substrate that is able to handle large deformations without breaking apart or experiencing performance failure. 3 Electrospinning is one of the most effective techniques for producing non-woven continuous polymer nanobers with diameters that range from several micrometers down to a few nanometers, 4 with characteristics similar to the bers produced using both electro-spraying and conventional solution dry spinning.
5 Non-woven nanobers commonly have the characteristics of a large surface area and high porosity. immobilization, and tissue engineering. 10 These nanobers have subsequently been introduced in energy storage applications such as lithium ion batteries and as electrode materials for supercapacitors because of their high specic surface area. [11] [12] [13] [14] Essentially, various polymeric materials have been used as backbone polymers, with polyacrylonitrile (PAN) the most commonly used precursor. Carbon nanobers (CNF) have been produced via a series of stabilization and carbonization processes using heat treatment in an inert-gas-lled furnace.
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The electrospinning trend has moved toward the introduction of organic/inorganic materials within the nanobers in order to maximize their characteristic features. [16] [17] [18] [19] Organicbased materials, including carbon nanotubes, which have been used as electrode materials for supercapacitors as a result of their high specic surface area, 15, 20 were incorporated into a carbon nanober network to boost the electrical conductivity and capacitance behavior of energy storage devices. However, various metal oxides, including nickel oxide, 21, 22 copper oxide, 23 and titanium dioxide have been utilized as nanollers to enhance the electrochemical performances,
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while also utilizing the sole advantage of the high specic surface area of carbon nanobers.
With this approach, electrospinning was employed to fabricate continuous non-woven polymer nanobers with the minimal amount of metal precursors loaded within the polymer solution. The electrospun nanobers were subjected to oxidative stabilization and carbonization in an inert atmosphere to form carbon nanobers (CNF). The metal oxides grew along the carbon structure, which then diffused and aggregated into nanoparticles on the nanobers surface. 25 The combination of CNF and metal oxide nanoparticles therefore induced a continuous and conductive network of nanobers in a membrane, which exhibited superior electrochemical properties, while also retaining a lightweight property and high degree of exibility. The fabricated membrane had electrochemical properties that outperformed those of carbon cloth, nickel foam, nickel foil, and ITO.
Experimental methods

Materials
Polyacrylonitrile (PAN, MW: 150 000) was purchased from Sigma Aldrich, Malaysia. Zinc sulphate heptahydrate (ZnSO 4 -$7H 2 O) and nickel sulphate hexahydrate (NiSO 4 $6H 2 O) were purchased from Merck, Malaysia. N,N-Dimethylformamide (DMF) was obtained from Systerm, Malaysia. Whatman qualitative lter paper was purchased from Sigma Aldrich, Malaysia. Graphite sheet (>99.5%) was obtained from Latech, Singapore.
Preparation of PAN nanobers and PAN loaded with metal precursors
A polymer solution of PAN (10 wt%) was prepared by dissolving 1.0 g of PAN in 10 mL of DMF solution and stirring for 24 h. Aer stirring, the solution was electrospun using an electrospinner setup (Electroris, Nanolab Malaysia) with an applied voltage of 15.0 kV, whereby the solution was used to ll a syringe connected to a at-tip needle. As a result, the polymer solution was spun out as a polymer nanober and collected on a rotating drum. The nanober membrane was then collected from the collector aer 2 h of spinning. Similarly, PAN reinforced with metal precursors was prepared by dissolving both the PAN powder and a metal precursor (Zn 2+ and Ni 2+ ) into a DMF solution. The concentration of metal precursors was xed at 0.1 M from the total volume of the polymeric solution.
Carbonisation of polymer nanobers
The carbonization process was carried out using a quartz tube furnace (Thermolyne, Thermo Scientic). The nanober was rst subjected to oxidative activation by heating it at 280 C for 1 h under atmospheric air. Subsequently, the carbonization process took place, where the oxidized nanober was heated to 800 C and maintained at that temperature for 1 h under an inert atmosphere. Upon carbonization, a conductive carbon nanober (CNF) was obtained. The zinc oxide-reinforced CNF was labeled as CNF-ZnO, and nickel oxide-reinforced CNF was labeled as CNF-NiO.
Characterisation techniques
The surface morphologies and elemental mapping of the nanobers were analyzed using a eld emission scanning electron microscope (FEI Quanta SEM Model 400F) equipped with an energy dispersive X-ray (EDX) accessory. The Fourier transform-infrared (FT-IR) spectra of the samples were recorded in the range of 280-4000 cm À1 using the attenuated total reectance (ATR) on a Fourier transform infrared spectrophotometer (Perkin Elmer 1650). Raman spectra were recorded using Renishaw's inVia Raman microscope with 532 nm laser excitation. X-ray photoelectron spectra (XPS) were obtained via a Kratos at 450 W and 1.0 eV (Shimadzu).
Preparation of electrochemical cells and measurements
The electrochemical properties of the samples were evaluated using a two-electrode conguration with a potentiostat-galvanostat (Princeton VersaSTAT 3, Princeton Applied Research).
The as-prepared carbon nanobers were then cut into a symmetrical shape with the approximate dimension of 1.0 cm 2 . A nylon membrane lter was sandwiched between the prepared samples and tightly tted into an electrochemical cell. The nylon membrane was soaked in liquid electrolyte overnight prior to its use. The specic capacitance was obtained from the galvanostatic charging/discharging mechanism via the slope of the discharge curve according to the following equation:
where i is the current, t is the elapsed time during the discharge process, Dv is the total working potential (minus the IR/voltage drop), and m is the mass of the electrode materials.
Results and discussion
Effects of carbonisation on morphology of PAN nanobers
Upon stabilization, the PAN nanobers changed from white to a yellow-brownish color. Complex reactions occurred throughout the oxidation stabilization process, including cyclization, dehydrogenation, aromatization, oxidation, and crosslinking, which eventually strengthened the physical properties of the nanobers by forming a ladder structure. 28, 29 On the other hand, the oxidation process provided the nanobers with higher stability, allowing them to undergo a high-temperature carbonization treatment by forming bridging links between the bers by means of oxidative functional groups such as ether and carbonyl groups. 30 The PAN nanobers turned black during the carbonization process (Fig. 1A-C) . The electro-spun out nanobers formed a continuous network by overlapping with each other, resulting in a continuous structure of non-woven nanobers forming a membrane. 31 In the two-step thermal treatment, the PAN nanobers were successfully carbonized into carbon nanobers, as proven by the detection of carbon with a very high intensity (Fig. 1D ) compared to that of the noncarbonized PAN nanobers (Fig. 1E ). Fig. 2 illustrates the morphology of the PAN nanobers loaded with the Zn and Ni precursors upon electro-spinning. Upon the introduction of both precursors, the morphology retained almost a similar structure, with random overlapping nanobers at various diameters ( Fig. 2A and B) . Aer the carbonization process, the CNF that had been reinforced with metal oxide loadings showed a unique morphology, as depicted in Fig. 2C and D, with large amounts of nanoparticles clearly embedded onto the surface of the carbon nanobers. This unique feature was attributed to the solubility of the metallic precursors in the PAN polymeric solution. During the electrospinning process, the poor miscibility of Zn 2+ and Ni 2+ ions in the polymeric solution resulted in a two-phase system, leading to a large amount of metal ions depositing on the surface of the polymeric nanobers aer the solvent evaporated. The presence of both elements was strongly evidenced by the EDX spectra, as illustrated in Fig. 2E and F. for PAN was still noticeable aer the addition of various metal precursors, as shown in Fig. 3B . The addition of metal precursors did not shi the characteristic band of PAN, which conrmed the weak interaction between the main matrix and the precursors. 36 However, the typical characteristic vibration of the nitrile group was non-detectable for all the samples aer the carbonization process, as highlighted by the blue band in Fig. 3B . The intense band within the region of 3400 cm À1 to 3500 cm À1 may have been due to the presence of adsorbed water. 37 Furthermore, some of the characteristic bands corresponding to each of the metal oxides were detected at the lower wavenumber region from the spectra. For CNF-ZnO, the vibration band for Zn-O was detected at 471 cm À1 (Fig. 3B e) . 38, 39 In addition, for CNF-NiO, the bands corresponding to the Ni-O stretching vibration were detected at 485 cm À1 and 449 cm À1 (Fig. 3B f) .
Effects of metal precursor on morphologies of PAN nanobers and CNF
Chemical composition of nanobers (NFs)
40,41
The Raman spectrum of the PAN NFs was compared to that of CNF (Fig. 3C) . The spectrum of CNF had distinguishable D and G bands at 1364.12 cm À1 and 1583.80 cm À1 , respectively.
The D-band characteristic was attributed to the disordered turbostratic structures or defects, 15 whereas the G band correlated to the phonons propagating along the graphitic structure. 42 The D and G bands represent the characteristics of disordered carbon and, respectively. The high intensity of the D band compared to the G band indicated that the disordered carbon content was higher than that of the ordered graphite because of the amorphous structure of the CNF as a result of the subsequent stabilization process in air, 43 which disrupted the crystallinity of the nanobers. Moreover, the high intensity of the D and G bands of the CNF compared to the PAN clearly indicated that the PAN NFs were successfully carbonized into a highly carbonaceous compound. An XPS analysis was conducted to distinguish the chemical composition of the prepared carbon nanobers. A wide scan of the XPS spectra was taken at a range of 0-1200 eV for each sample, with the spectra illustrated. Typically, for pure CNF (Fig. 3D) , a distinctive peak was observed at 285 eV, which corresponded to the C 1s of the carbon-based material. Another distinctive peak for O 1s was also detected at 531 eV. For C 1s metal oxide-reinforced nanobers, the characteristic peaks of ZnO (Fig. 3E ) at 2p3/2 and 2p1/2 were detected at 1044.3 eV and 1021 eV, respectively, for CNF-ZnO, which were attributed to Zn(II) being bonded to an oxygen atom to form ZnO. 44, 45 CNF-NiO (Fig. 3F ) also recorded a characteristic peak of Ni 2p5/2 at 754.7 eV, corresponding to NiO, 46 along with the corresponding detected peaks for C 1s and O 1s. 
Electrochemical performances of PAN nanobers and CNF
In the study of the electrochemical performance, both the CNFNiO and CNF-ZnO membranes were evaluated electrochemically as supercapacitor electrodes, with the use of 6.0 M KOH as the electrolyte in a two-electrode conguration. Identical pieces of CNF-metal oxide membranes were separated by a lter paper (soaked in electrolyte prior to use) and subsequently tted into an electrochemical cell. Generally, the ideal capacitor behavior shows a perfect square prole in CV measurements, irrespective of the scan rate. A near square rectangular prole was absent from the CV proles of the pure CNF, as shown in Fig. 4A , reecting the presence of resistivity within the system, which was demonstrated by a steep discharge loop plausibly contributed by the oxygenated groups present within the nanobers. CNF-ZnO recorded a pseudo-rectangular-shaped curve and a much broader area under the curve, with no obvious redox peaks observed, as shown in Fig. 4C . The CNF-NiO possessed an almost rectangular-like CV curve regardless of the scan rate (Fig. 4E) , which indicated a good capacitance behavior as an energy storage system.
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Galvanostatic charge/discharge analysis is oen applied to mimic the real-eld testing of a supercapacitor device, while evaluating the actual performance of the electrochemical system. 48 The pure CNF-based supercapacitor showed a specic capacitance of 55.12 Fg
À1
, with minimal leakage occurring at 0.05 V (Fig. 4B) . However, the increase in leakage potential became drastic when the current density also increased. This was attributed to the insulating oxygenated functional groups present within the nanobers, which created an internal resistance across the electrode/electrolyte interface. Although the CNF-ZnO showed a much higher specic capacitance of 119. 35 Fg À1 in 1 Ag
compared to the pristine sample, the leakage was prominent (0.09 V) at 1 Ag
, up to the point that it continued to increase at the highest current applied, where the leakage was recorded at 0.41 V, as shown in the inset of Fig. 4D . This might have been caused by the resistivity characteristic of ZnO. 49 The CNF-NiO showed a better performance by recording a specic capacitance of 117.34 at 1 Ag À1 and managed to retain a value of 100.84 Fg À1 even at a high current density of 5 Ag
. A very minor leakage was detected at 1 Ag À1 (0.04 V) and it remained minimal (0.17 V) even at 5 Ag À1 (inset of Fig. 4F ), indirectly supporting the good capacitive behavior portrayed in the CV proles for CNF-NiO. The electrochemical impedance spectra recorded for pure CNF, CNF-ZnO, and CNF-NiO are shown in Nyquist plots in Fig. 5A . Two distinctive features are indicated in these plots. First is the high frequency arc caused by a charge transfer resistance (R ct ) attributed to the charge-limiting process between the interface of the electrode material and electrolyte, 50 which could be obtained from the diameter of the arc. 51 Second is the equivalent series resistance (ESR) caused by the resistance of the solution, along with the internal resistance of the electrode. This could be determined from the high-frequency limit, which corresponded to the rst intercept on the X-axis of the Nyquist plot. 52 As seen in Fig. 5A , the high-frequency arc associated with CNF-ZnO possessed the largest radius, indicating a higher charge transfer resistance than the other samples. In contrast, the CNF-NiO sample exhibited the smallest diameter, indicating a signicantly lower resistance and rapid ionic diffusion within the electrode material. The ESR and R ct values of CNF-ZnO (ESR ¼ 0.24 U, R ct ¼ 26.39 U) were higher than those of blank CNF (ESR ¼ 0.22 U, R ct ¼ 10.39 U). The presence of Zn ions within the electrospun nanobers resulted in a conversion that formed large particles of ZnO as an effect of the stabilization heating process, which was responsible for the overall resistive structure. 49 On the other hand, the CNF-NiO possessed a signicantly smaller R ct , with a slightly higher ESR value (ESR ¼ 0.79 U, R ct ¼ 2.48 U), which were attributed to the unique performance of the NiO nanoparticles, and thereby facilitated the charge transfer performance of the electrode/ electrolyte interface. Nevertheless, all the samples recorded almost ideal vertical behaviors behind the Warburg diffusion region, showing that the total internal structures of the electrodes were completely wetted by the electrolyte.
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The cyclic performance and capacitance retention of supercapacitors are crucial characteristics for practical energy storage applications. For CNF-ZnO, a capacitance retention of 62.41% was recorded aer 1000 continuous charging/discharging cycles, with an average voltage drop of 0.15 V at every discharge cycle (indicated by the green line in Fig. 5B ). The major loss in capacitance could have resulted from the leakage that occurred throughout the charge/discharge process, as reected by the non-symmetrical and distorted discharge slope (Fig. 5B inset) , due to the resistivity of the electrode material itself, as depicted by the impedance spectra. The retention had a much lower value of 40% at 2000 cycles, indicating a major degradation and loss of electrode materials, which might have been caused by the conversion of ZnO to aqueous-soluble Zn(OH) 2 under a strong alkaline condition. 54 On the other hand, CNF-NiO had a very high capacitance retention of approximately 93.60% aer 1000 vigorous charging/ discharging cycles at 1 Ag
À1
. The capacitance was retained at 93.90% even aer 2000 cycles (Fig. 5C ), which was attributed to the very minimal voltage drop of approximately 0.05 V throughout the continuous cycles (green line of Fig. 5C ). This showed a very constant capacitive behavior as an effect of the growth of the nickel oxide nanoparticles, which were effectively anchored onto the surface of the CNF and prevented the loss of active materials throughout the inux/outow of electrolyte ions. Almost symmetrical charge/discharge cycles were obtained, showing the highly stable performance of the electrochemical device.
In order to further evaluate the feasibility of using the fabricated metal oxide-CNF membrane in a realistic application, a free-standing, thin, exible symmetric supercapacitor was fabricated by integrating CNF-NiO as the electrodes, thin layer graphite sheet/cellophane tape (GSC) as current collectors, and a cellulosic paper as the dielectric in 6 M KOH. The exible current collector (GSC) was initially prepared by applying a layer of cellophane tape to a graphite sheet and then peeling it off to obtain a thin, conductive graphite layer attached rmly to the tape, as shown in Fig. 6A and B, respectively. A device was then fabricated by sandwiching a KOH-soaked dielectric lter paper with two pieces of identical CNF-NiO attached to GSC layers, as shown in the schematic diagram in Fig. 6C . The synergistic combination of the exible GSC and CNF-NiO membrane electrodes resulted in a versatile, bendable energy storage device. The fabricated, thin supercapacitor had a stable electrochemical performance with no deviation in the CV proles (Fig. 6D ) even aer it was subjected to various exibility tests, including mechanical bending and roll-up curvature (Fig. 6D b & c) , compared to its original state (Fig. 6D, a) .
Conclusion
We successfully fabricated metal oxide-reinforced CNF membranes by employing a solution-based mixture of polymer and minute metal precursors via an electrospinning technique, followed by a carbonization method. The CNF showed a large specic surface area, with an average ber diameter of 326.4 nm and no drastic inuence from the introduction of the nanoparticles. Moreover, the electrochemical properties were signi-cantly enhanced, especially in the presence of metal oxides, as distinguished by an XPS analysis. These were uniformly dispersed throughout the CNF matrix, as indicated by the EDX mapping. A unique morphology was shown by having metal oxide nanoparticles embedded within the ber surface, which contributed to the electrochemical performance of the carbon-based web structure. The fabricated CNF possessed outstanding performance with a specic capacitance of >100 Fg À1 and an exceptionally high retention capability of 93.90% even aer 2000 continuous charge/ discharge cycles. These lightweight and exible CNF membranes are potentially applicable in the fabrication of versatile and lightweight exible electronic devices, as seen by the as-prepared freestanding supercapacitor, which had a high stability performance even aer being subjected to bending or being rolled up to a specic curvature. The electrospun novel metal oxide-reinforced CNF membranes are versatile current collectors, not just for supercapacitors, but for all-purpose electronic applications that require exceedingly exible congurations and geometries.
